The mutational status of the immunoglobulin heavy-chain variable region (IGHV) genes utilized by chronic lymphocytic leukemia (CLL) clones defines two disease subgroups. Patients with unmutated IGHV have a more aggressive disease and a worse outcome than patients with cells having somatic IGHV gene mutations. Moreover, up to 30% of the unmutated CLL clones exhibit very similar or identical B cell receptors (BcR), often encoded by the same IG genes. These "stereotyped" BcRs have been classified into defined subsets. The presence of an IGHV gene somatic mutation and the utilization of a skewed gene repertoire compared with normal B cells together with the expression of stereotyped receptors by unmutated CLL clones may indicate stimulation/selection by antigenic epitopes. This antigenic stimulation may occur prior to or during neoplastic transformation, but it is unknown whether this stimulation/selection continues after leukemogenesis has ceased. In this study, we focused on seven CLL cases with stereotyped BcR Subset #8 found among a cohort of 700 patients; in six, the cells expressed IgG and utilized IGHV4-39 and IGKV1-39/IGKV1D-39 genes, as reported for Subset #8 BcR. One case exhibited special features, including expression of IgM or IgG by different subclones consequent to an isotype switch, allelic inclusion at the IGH locus in the IgM-expressing cells and a particular pattern of cytogenetic lesions. Collectively, the data indicate a process of antigenic stimulation/selection of the fully transformed CLL cells leading to the expansion of the Subset #8 IgG-bearing subclone.
INTRODUCTION
CLL is the most common leukemia in the Western world and is characterized by a monoclonal accumulation in the blood and in peripheral lymphoid organs of B lymphocytes with a characteristic surface phenotype, that is, CD5 + , CD23 + , CD22 -and low levels of surface Ig (1) . In the past, it was generally accepted that this CLL cell accumulation could be attributed to defective in vivo apoptosis; however, more recent evidence indicates that leukemic cells are capable of active proliferation in vivo, which largely compensates for the cell loss occurring by apoptosis (2) . Such evidence is provided by in vivo labeling studies with deuterated cells and also is corroborated by observations on the CLL cell apoptotic capacities and on telomere length and telomerase activity (3, 4) . Proliferation of the CLL clones in vivo is likely sustained by the intrinsic cytogenetic alterations of the cells and also promoted through stimulation by certain antigens with the help of accessory cells and/or cytokines, although the relative contribution of the two phenomena and their timing remains to be ascertained (5) (6) (7) . Different studies indicate that antigenic stimulation plays a role in promoting the onset of CLL cells (8, 9) . A substantial proportion of CLL clones utilize somatically mutated IGHV and IGKV/ IGLV genes. Since somatic mutations occur during antigenic stimulation, these leukemic cells are clearly antigenexperienced (10) (11) (12) (13) . Furthermore, CLL clones utilizing unmutated IGHV and IGKV/ IGLV genes exhibit a skewed BcR repertoire compared with normal, virgin B cells, a finding which implies antigenic stimulation/selection (11, (14) (15) (16) (17) . Finally, up to 30% of CLL clones utilize "stereotyped BcR" (11, (14) (15) (16) (17) , defined as BcR expressed by different CLL clones sharing the same IGHV and IGKV/IGLV genes and very similar or identical CDR3s.
Again, this would indicate a strong selective pressure imposed by a seemingly restricted set of antigens or antigenic determinants (18) (19) (20) .
The above evidence indicates that antigens may play a fundamental role in expanding B cells prior to transformation and in sustaining survival/expansion of the cells in the early steps of leukemogenesis, when they are not capable of independent growth (21, 22) , but does not tell whether antigenic stimulation/ selection contributes to the expansion of fully transformed CLL clones. However, the observation that CLL patients, whose leukemic clones express self-reactive BcR, have a more downhill clinical course, constitutes circumstantial evidence in favor of the latter hypothesis (23) .
In this study, we provide evidence indicating that stimulation/selection occurs on fully blown leukemic cells and contributes to the shaping of the CLL clone. Our observations were made on a CLL case expressing a stereotyped BcR of the Subset #8, characterized by the utilization of genes IGHV4-39 and IGKV1-39/IGKV1D-39 (16, 24) . This CLL case was found with six other similar cases during the screening process of 700 CLL patients recruited mainly through an observational study organized by Gruppo Italiano Studio Linfomi (GISL). Unlike the others, this particular CLL case had special features supporting the notion that antigenic stimulation continues after the process of leukemogenesis is completed and leads to the selective expansion of particular subclones.
MATERIALS AND METHODS

B-CLL Samples
A cohort of 700 CLL patients enrolled in an observational study organized by GISL or seen at our clinics was screened for IgV gene sequences. Inclusion criteria consisted of a diagnosis of typical CLL based on the National Cancer Institute (NCI) Working Group criteria and confirmed by flow-cytometry analysis of neoplastic cells (25) . The study was approved by the Institutional Review Board and informed consent was obtained consistently. Most patients were at Binet Stage A and were untreated.
Flow-cytometry studies and IGHV-IGHD-IGHJ and IGKV-IGKJ and IGLV-IGLJ gene sequence determinations were carried out in a single laboratory in Genoa (11) . Sequence data were analyzed using the IMGT/V-Quest tools (26) and submitted to EMBL (Accession numbers FR820867 → FR820882). Fragments length IGHV-IGHD-IGHJ analyses were obtained by PCR amplification with primers specific for FR1 IGHV2 gene subgroup and FR1 IGHV4 gene subgroup (11) in conjunction with 6FAM-5′-CTG A(AG)G AGA C(AG)G TGA CC IGHJ gene-specific primers. Subsequently, products were run on 3130XL Genetic analyzer (Applied Biosystems, Monza, Italy). FISH analyses for detection of trisomy 12, del(17p13.1), del(11q22.3) and del(13q14) were performed as described (27) .
Phenotype Analysis and Cell Fractionation Procedures
The following antibodies were used: FITC-conjugated anti-IgD (DAKO, Glostrup, Denmark), PE-Cy5 conjugated anti-IgM (BD, Franklin Lakes, New Jersey, USA), APC-conjugated anti-IgG (BD), PE-conjugated anti-CD3 (BD), APC-H7 anti-CD19 (BD), PE-conjugated anti-CD19 and FITC-conjugated anti-CD5 (BD). FITC Anti-κ-PE anti-λ and RPE-Cy5 anti-CD19 triple color combination (DAKO) was used for the identification of Ig Light chain. FACS sorting experiments were performed with a precalculated six-color automatic compensation by FacsDiva (BD) software. To isolate IgD-positive and IgG-positive CLL cells, leukemic B cells were identified with anti-CD19-PE-Cy7 (BD) and anti-CD5-PE (BD). CD19-CD5 double positive cells were gated and sorted based on the expression of IgD or IgG molecules.
PROTEIN TYROSINE PHOSPHORYLATION
Protein tyrosine phosphorylation was measured as described (28) . Briefly, about 4 × 10 6 B cells were exposed to aμ-Ab, aδ-Ab , aγ-Ab, or aδ-Ab + aμ-Ab for 1, 5 or 10 min at 37°C and lysed as described (28) . Nuclei-free cell extracts from 10 6 cells were fractionated by sodium dodecylsulfate electrophoresis on 10% polyacrylamide gels under reducing conditions, and then transferred electrophoretically onto nitrocellulose membranes (Hybond C Extra; Amersham, UK). Tyrosine phosphorylated proteins were detected by incubating the membranes with 0.2 μg/mL biotinconjugated anti-phosphotyrosine antibody (clone PY99, Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) in 1% milk-TBST, followed by 0.3 μg/mL peroxidase-labeled streptavidin (DakoCytomation, Milan, Italy) in 1% milk-TBST. SYK and LYN proteins were identified using mouse anti-SYK (UpstateMillipore, Temecla, CA, USA) and rabbit anti-LYN (Upstate) specific antibodies. Data were then expressed as a ratio between a region of interest (ROI) and its reference value. In detail, the ROI of each band observed following aμ-Ab, aδ-Ab, aγ-Ab, or aδ-Ab + aμ-Ab stimulation at 1 min time point was compared with the corresponding ROI of the unstimulated sample (negative). The total amount of phosphorylation was calculated by summing the phosphorylation of the single bands corresponding to 120 kDa, 105 kDa, 75 kDa and 55 kDa (1D Image Analysis Software version 3.5, Kodak). The fold increase was considered respective to the sum of the bands of the unstimulated sample.
RESULTS AND DISCUSSION
Seven cases expressing Subset #8 BcRs were identified. They utilized the IGHV4-39, IGHD6-13 and IGHJ5 genes, and shared very similar or identical VH CDR3 and a high degree of homology with those reported in the literature (15,24; Table 1 ). IGHV-IGHD-IGHJ rearrangements did not have somatic mutations with the exception of CA101 that exhibited a single nucleotide difference from germ line ( Table 1 ). The cells from all seven CLL cases expressed surface κ chains as assessed by flow-cytometry (not shown) and utilized the IGKV1-39/ IGK1D-39 gene in the six cases studied by sequence analysis (CA101 could not be investigated). Again VK CDR3 were very similar (Table 1) and there was the presence of arginine (R) at the IGKV-IGKJ junction (position L96) in 3 of 6 of the patients. A frequent presence of R in this position is a characteristic feature of Subset #8 CLL (15, 24, 29) . Case GE146 exhibited a second productive IGKV-IGKJ gene rearrangement which utilized an unmutated IGKV4-1 gene. Since this rearrangement was detected both in the DNA and cDNA, these findings are suggestive of lack of allelic exclusion at the IGK locus (Table 1) . Six out of seven of our cases expressed IgG only as assessed by both flow-cytometry for surface Ig isotypes and cDNA studies, which is in-line with the findings in all Subset #8 cases. CLL BR001 represented a remarkable exception, since IgM-and IgD-expressing cells were detected in addition to IgGbearing cells ( Figure 1A ). IgM and IgD were coexpressed on the same cells as assessed by multicolor flow cytometry (Figure 1B) . The presence of the same L chain type and of the same IGKV-IGKJ gene rearrangement clearly indicated that both IgM-IgD-and IgG-bearing cells belonged to the same neoplastic BR001 clone.
Another productive IGHV-IGHD-IGHJ rearrangement carrying the IGHV2-5, IGHD3-3 and the IGHJ6 genes was detected in BR001 cells (Table 1 ). This rearrangement was not somatically mutated and was present in the cell DNA and in μcDNA, but not in the γ and αcDNA ( Figure 1C) suggesting that the IgM-IgD-bearing cells had two potentially productive allelic rearrangements, whereas only one rearrangement remained in IgG-bearing cells. BR001 cells were stained for CD19 , CD5 and surface IgG and IgD and sorted (Figure 2 ). Both the DNA and the μcDNA from IgM-IgDbearing cells had the two IGHV-IGHD-IGHJ rearrangements observed in unfractionated cells, whereas IgG-bearing cells had only the rearrangement carrying the IGHV4-39 gene in both γcDNA and DNA (see Figure 2 ). All cell fractions exhibited the same productive rearrangement carrying the IGKV1-39/IGKV1D-39 gene detected in the unfractionated cells (data not shown). Collectively, the data indicate the following scenario: BR001 clone was comprised initially of IgM-IgD-bearing cells which were allelically included; because of an isotype switch, an IgG-bearing subclone subsequently was selected and expanded. This subclone utilized solely the rearranged IGHV4-39 gene, whereas the rearranged sequence containing the IGHV2-5 gene was deleted. The IgGexpressing subclone became predominant, since the ratio of IgG-over IgMexpressing cells ranged consistently around 4:1 in the second year elapsed between diagnosis, at Binet Stage A, and treatment, at Binet Stage C. The reasons for this selective expansion of the IgGbearing subclone may be manifold and generally imply the expression of the products of both rearranged alleles at the IGH locus by the IgM-IgD-bearing cells, a fact that cannot be tested experimentally at present. For example, the concomitant expression of two H chains with different antibody-combining sites, and the consequent BcR heterogeneity of IgM-IgD-expressing cells, could have prevented the optimal binding by the stimulating antigen(s). This hypothesis is sustained by recent findings showing the presence of B cells capable of producing two functional immunoglobulin molecules (30, 31) . Indeed, the binding affinity for the self antigens used in this mouse model was reduced strongly in cells expressing heterogeneous BcRs at the surface (30) . In contrast, the homogeneity of BcR on IgG-bearing cells and perhaps the combination of an IGHV4-39 gene with a γ chain gene could have contributed to the expression of a BcR endowed with a higher binding affinity for the stimulating antigen(s). Indeed, Subset #8 CLL cells utilize a BcR of the IgG isotype which has the ability of recognizing nonmuscle myosin heavy chain IIA . This antigen molecule is expressed by normal and neoplastic cells following apoptosis (20) . A prerequisite for the hypothesis that BcR stimulation plays a role in shaping subclone composition is that the neoplastic cell BcR is capable of delivering activating signals. This is particularly true in the case of CLL cells, which appear anergic to BcR stimulation in many patients (28, 32) . This issue was explored by exposing BR001 cells to specific aμ or aγ mAbs in vitro for 1, 5 or 10 min and measuring protein tyrosine phosphorylation. A substantial protein tyrosine phosphorylation in general, and of SYK in particular, was consistently observed after 1 min exposure to aμ or aγ mAbs tion also exhibited the other (not shown). No trisomy 12 or Del 11q22 were detected. These findings again make BR001 different from the other cases utilizing Subset #8 BcR characterized by trisomy 12 without additional chromosomal abnormalities (29) . Trisomy 12 was observed in all three patients with Subset #8 BcR that we could investigate by FISH in our cohort.
BR001 CLL provides evidence for intra clonal selection occurring following transformation which is likely to depend at least in part on the cell BcR specificity as discussed above. The presence of shared chromosomal abnormalities in the different subclones indicates that these were not a major cause for subclonal selection. However, it cannot be ruled out that different cytogenetic abnormalities, not detected by conventional FISH methodologies, and distinguishing IgM-IgDexpressing cells from those expressing IgG could have contributed to subclonal selection. It is of interest that the subclone expressing IgM-IgD remained of the same size throughout the course of the disease, suggesting a selective pressure to maintain the IgM-IgD-expressing subclone, the nature of which is however unknown.
In conclusion, the studies on IGHV and IGKV gene expression of BR001 cells provides evidence for continuing stimulation/selection of fully transformed CLL cells. This is in agreement with other observations on CLL clones characterized by an intraclonal diversification of IGHV genes and accumulation of somatic mutations (33, 34) . Although the nature of the stimulating antigen(s) was unknown, the analysis of such mutations and of their location on the gene segments was clearly favoring the hypothesis of a continuous selection by a stimulating antigenic determinant probably aimed at preserving the antigenic combining site (35) (36) (37) .
